Abstract: An octave spanning spectrum is generated in an As2S3 taper via 77 pJ pulses from an ultrafast fiber laser. Chirp compensation allows the octave to be generated directly from the un-amplified laser output.
Introduction
Octave spanning spectra have enabled mode-locked lasers to be used as frequency comb generators [1] . In particular, erbium fiber lasers have emerged as an attractive frequency comb source due to the typical advantages of such systems: low cost, robust components. However, generating an octave of bandwidth from erbium fiber lasers has typically required fiber based amplifiers, dispersion compensation, and long lengths of HNLF [2] . Furthermore, amplified spontaneous emission from the amplifier systems results in white phase noise in the supercontinuum spectrum that raises the noise floor of any optical comb measurement [3] . Building on previous work [4, 5] , we present octave spanning generation from 970 nm to 1990 nm in an As2S3 taper using only 3 mW of average power from a mode-locked, Erbium-doped fiber laser. This result, which uses no optical amplification, is made possible by the high nonlinearity of chalcogenide based glass (~100x that of silica), the small effective area of the taper waist, the dispersion engineering afforded by the tapering method, and carefully pre-chirping the launched pulses. In particular, the input chirp was thoroughly explored and optimized to yield an octave spanning spectrum at low power.
Experimental Setup
The input pulses to the As2S3 fiber taper are generated from an erbium fiber based mode-locked laser. This laser provides 250 fs pulses at 38.6 MHz repetition frequency with 17 mW of average power ( Fig. 1-(a) ). A simple APC to APC bulkhead connector is used to deliver the pulses to the taper rig. As shown in Fig. 2-(b) , the taper rig consists of an As2S3 fiber with a 1.3 µm taper waist region and 1 meter input and output silica fiber leads that are butt coupled to the As2S3 fiber. The 1.3 µm taper region allows the waveguide dispersion to shift the total dispersion to zero around 1.4 µm. Thus, the input spectra at 1550 nm is in the anomalous dispersion regime inside the waist region, leading to the broadest possible supercontinuum generation [6] . 
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CThB6.pdf © Optical Society of America A 1.4 meter length of SMF-28 fiber was used to anomalously chirp the output pulses of the laser. Because of the large normal dispersion of the As2S3 fiber in the non-tapered region (~ 20 x silica at 1550 nm), anomalously pre-chirping the pulses allows for the re-compression of the pulse before entering the waist region. The long wavelength side of the spectra (λ > 1.9 µm) was recorded using a monochromator based scanning spectrometer with a liquid nitrogen cooled, extended-InGaAs detector.
Results
As can be seen in Figure 2 , the output spectra of the chalcogenide taper quickly begin to broaden to several hundred nanometers even with relatively low peak powers, as has been previously reported [4] . With only 77 pJ of pulse energy (150 W peak power, 3 mW average power), the -20 dB bandwidth covers the span from 970 nm to 1990 nm, over 1 octave of optical bandwidth. The short wavelength dispersive wave is clearly visible at peak powers above 25 W, while Raman shifting solitons are responsible for extending the bandwidth in the long wavelength side. For the highest peak power, the high soliton number results in a large number of spectrally broad, overlapping soliton features which shed energy into resonant dispersive waves over a wider bandwidth [6] , while noise induced fission of the initial pulse induces shot-to-shot variation resulting in a smoothing effect that produces a remarkably flat spectrum (an octave is contained within the -10 dB points). This broad bandwidth is made possible by the chirp engineering, the high nonlinearity afforded by the chalcogenide taper (n2 = 2.4x10 -18 m 2 /W) and the anomalous dispersion of the taper. The large Kerr nonlinearity, combined with the 0.8 µm 2 effective mode area in the waist, yields a nonlinear parameter γ greater than 12,000 W -1 km -1 . Thus, we achieve the same type of octave spanning generation reported in more conventional HNLF systems with much lower power, eliminating the need for active optical amplification.
Conclusion
We have demonstrated an octave spanning spectrum in a sulphide based chalcogenide tapered fiber using only 77 pJ pulse energy, to our knowledge the lowest ever reported for octave generation in a taper. These results could find use in applications such as f-2f interferometers used in frequency combs. The taper coupling method presented here allows the experimenter to easily and efficiently couple light into the taper via standard APC connectors. In addition, the low power required for octave generation in this taper relaxes the power requirement of standard octave spanning generation. Future work will involve investigating the long wavelength side of the spectral generation for MID-IR applications. Through dispersion engineering in the taper it may be possible to utilize the soliton self-frequency shift to achieve highly efficient spectral shifting to wavelengths beyond 2 µm. Output spectra from the chalcogenide taper as a function of peak power (increasing from bottom to top and offset for clarity). At a peak power of 150 W, the effective intensity in the waist region is 115 MW/cm 2 . This high intensity combined with the high nonlinearity of As2S3 yields an output spectrum with more than 1 octave of bandwidth at the -20 dB points. The shark spike in the center of spectrum is indicative of a weak, long pulse pedestal on the laser.
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